Unspliced mRNA from RNA segment 6 of influenza C virus contains a single open reading frame that potentially encodes a polypeptide of 374 amino acids. This polypeptide, which has not been identified as yet, is predicted to contain the complete amino acid sequence of the matrix protein, M1, as well as that of a small integral membrane protein, CM2. Here, we found that small amounts of two previously unrecognized proteins with apparent molecular masses of 42 (P42) and 44 kDa (P44) were immunoprecipitated with immune serum against CM2. The electrophoretic mobilities of P42 and P44 varied depending on virus strain, indicating that they are virus-coded. Treatment of infected
Introduction
The genome of influenza C virus consists of seven singlestranded RNA segments of negative polarity. RNA segment 6 of C\Yamagata\1\88 virus is 1181 nucleotides long and contains a single open reading frame (positions 27 to 1148) that potentially encodes a polypeptide of 374 amino acids with a predicted molecular mass of about 42 kDa (Hongo et al., 1994) . However, the predominant mRNA synthesized from this RNA segment lacks the region from nucleotides 755 to 982 and encodes a 242 amino acid M1 protein (molecular mass 27 kDa) (Yamashita et al., 1988 ; Hongo et al., 1994) . Unspliced mRNA from RNA segment 6 is synthesized in infected cells, although the amount is very low (13 % of spliced mRNA) (Hongo et al., 1994) . This mRNA species has the potential for encoding a polypeptide with a molecular mass of 42 kDa that contains an additional 132 amino acids from the C terminus of the M1 protein. However, immunoprecipitation experiments with immune serum against the glutathione S-transferase (GST) fusion protein constructed to contain this extra Cterminal region detected a protein with a molecular mass of about 18 kDa (CM2) in infected cells (Hongo et al., 1994) .
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Fax j81 23 628 5250. e-mail shongou!med.id.yamagata-u.ac.jp cells with tunicamycin and digestion of immunoprecipitated proteins with various endoglycosidases revealed that P42 is modified by the addition of a high-mannose oligosaccharide chain to generate P44. A monoclonal antibody against M1, like anti-CM2 serum, was able to immunoprecipitate both the P42 and P44 proteins. Furthermore, the tryptic peptide map of either P42 or P44 was indistinguishable from the map of the mixture of M1 and CM2. These results, taken together, suggest strongly that P42 and P44 correspond to the 374 amino acid protein encoded by unspliced RNA segment 6 mRNA and its N-glycosylated form, respectively.
Recently, CM2 was shown to be an integral membrane protein sharing many structural features with influenza A virus M2 and influenza B virus NB Pekosz & Lamb, 1997) , which possess an ion channel activity (Sugrue & Hay, 1991 ; Ciampor et al., 1992 ; Pinto et al., 1992 ; Sunstrom et al., 1996) . The mechanism by which CM2 is generated from the unspliced mRNA, however, remains to be clarified.
The 374 amino acid protein described above, although it has not yet been detected in infected cells, is predicted to possess the complete amino acid sequence of M1 together with that of CM2 and to contain two internal hydrophobic domains within the CM2 protein region (Fig. 1 a) . In this report, we present evidence for the synthesis of this protein in influenza C virus-infected cells and discuss its role in replication of the virus. influenza C virus at a multiplicity of about 10 p.f.u. per cell were labelled with 30 µCi\ml [$&S]methionine (ARC) for various periods at 26 h postinfection (p.i.) in RPMI 1640 medium lacking methionine. Cells were disrupted in 0n01 M Tris-HCl (pH 7n4) containing 1 % Triton X-100, 1 % sodium deoxycholate, 0n1 % SDS, 0n15 M NaCl and a cocktail of protease inhibitors [20 µg\ml (p-amidinophenyl)methanesulfonyl fluoride, 100 Kallikrein units\ml aprotinin and 0n5 µg\ml leupeptin] and immunoprecipitated as described by Sugawara et al. (1986) , utilizing rabbit immune serum against the GST-CM2 fusion protein (Hongo et al., 1994) or monoclonal antibody (MAb) against the haemagglutinin-esterase (HE) glycoprotein (D37), nucleoprotein (NP) (H27) or M1 protein (L2) (Sugawara et al., 1991 (Sugawara et al., , 1993 . The immunoprecipitates obtained were analysed by SDS-PAGE on 17n5 % polyacrylamide gels containing 4 M urea and processed for analysis by fluorography (Yokota et al., 1983) .
Endoglycosidase treatment. The immunoprecipitated viral proteins were digested for 16 h at 37 mC with endoglycosidase H (endo H), endoglycosidase F (endo F) or peptide-N-glycanase F (N-glycanase) (all from Boehringer Mannheim) under the conditions previously described by Hongo et al. (1997) . The proteins were then acetone-precipitated and analysed by SDS-PAGE.
Two-dimensional mapping of tryptic peptides. Yamagata\1\88 virus-infected HMV-II cells were labelled with 280 µCi\ml [$&S] methionine for 20 min at 26 h p.i., immunoprecipitated either with antiserum to the GST-CM2 fusion protein or with MAb to the HE, NP or M1 protein, and the resulting precipitates subjected to SDS-PAGE. After autoradiography, the radioactive bands to be tested were excised, rehydrated in 1 ml 0n1 M ammonium bicarbonate and incubated with 20 µg tosylamide-phenylethylchloromethyl ketone (TPCK)-treated trypsin at 37 mC. At incubation for 9 h, a second 20 µg quantity of TPCKtrypsin was added, and the gel fragment was further incubated for 15 h.
The eluted peptides were freed of gel pieces by low speed centrifugation and oxidized with performic acid. After removal of performic acid by freeze-drying the peptides were dissolved in 20 µl distilled water and applied onto a 20i20 cm thin-layer plate of cellulose (Merck). They were electrophoresed with a buffer of acetic acid-formic acid-water (15 : 5 : 80) at 1000 V for 45 min in the first dimension and chromatographed with a buffer of butanol-pyridine-acetic acid-water (65 : 50 : 10 : 40) in the second dimension. The plate was then treated with 7 % (w\v) 2,5-diphenyloxazole in acetone for fluorography.
Expression of the M gene cDNA in COS cells. First, plasmid pCM5-5h3hF which contains a full-length cDNA copy of influenza C virus M gene, was constructed as follows : the DNA fragment corresponding to positions 1 to 884 (mRNA sense) of RNA segment 6 of Yamagata\1\88 was prepared by PCR, utilizing plasmid pCM5-3hF (Hongo et al., 1994) (which contains nucleotides 3 to 1168 of the Yamagata\1\88 virus M gene and nucleotides 1169 to 1181 of the Ann Arbor\1\50 virus M gene) as a template, with one primer (5h dGGGAATTCTAGAGCAGAAGCAGGGGATTTCAAAA) containing EcoRI and XbaI sites (underlined) followed by the sequence corresponding to positions 1 to 23 (mRNA sense), and a second primer (5hdGAATTCGTATCCTTGGTTTTCATTAAAAC)containinganEcoRI site (underlined) followed by the sequence corresponding to positions 884 to 862 (vRNA sense). The PCR product was digested with EcoRI and NcoI, and the resulting fragment containing nucleotides 1 to 237 was subcloned into the EcoRI and NcoI sites of pCM5-3hF to generate pCM5-5h3hF. Then, pCM5-5h3hF was digested with EcoRI and SalI and the DNA containing a full-length copy of the M gene was ligated into the EcoRI and XhoI sites of a transient expression vector, pME18S (Takebe et al., 1988) , resulting in a recombinant plasmid designated pME18S-CM. pME18S, which has an SRα promoter composed of the SV40 early promoter and the R-U5 segment of the HTLV-I long terminal repeat, was kindly provided by Y. Takebe.
Subconfluent monolayers of COS cells in 3n5 cm Petri dishes were transfected with pME18S-CM (1 µg per plate) by the lipofectamine procedure and incubated at 37 mC. At 48 h post-transfection cells were labelled with 50 µCi\ml [$&S]methionine for 10 min in methioninedeficient Dulbecco's modified Eagle's medium, followed by RIP with anti-GST-CM2 serum.
Results

Detection in infected cells of influenza C viral proteins cross-reactive with CM2
HMV-II cells infected with each of eight influenza C virus strains (Ann Arbor\1\50, Taylor\1233\47, Johannesburg\66, Hyogo\1\83, Kyoto\41\82, Yamagata\9\88, Yamagata\1\88, and Yamagata\26\81) were labelled with [$&S]-methionine for 1 h at 26 h p.i. and analysed by RIP using anti-GST-CM2 serum. As shown in Fig. 2 , three forms of CM2 (CM2 ! , CM2a, and CM2b) were detected with all of the strains examined. We demonstrated previously that a mannose-rich oligosaccharide core is added to unglycosylated CM2 ! to form CM2a and that processing of the carbohydrate chain from the high-mannose type to the complex one converts CM2a into CM2b . As reported previously , the electrophoretic mobilities of the CM2-related proteins differed depending on virus strain ; the CM2 ! and CM2a of Johannesburg\66 and Yamagata\1\88 migrated faster than those of the remaining six strains. The data also CCAI Influenza C virus M gene product Influenza C virus M gene product showed that irrespective of the virus strains used, two previously unrecognized proteins with apparent molecular masses of 42 and 44 kDa (designated here P42 and P44, respectively) were coprecipitated with anti-GST-CM2 serum, although the amounts were very low. Interestingly, the P42 and P44 of Johannesburg\66 and Yamagata\1\88 viruses, like their CM2 ! and CM2a proteins, exhibited an electrophoretic mobility faster than those of the other strains, a finding which indicates that P42 and P44 are both virus-coded. The estimated molecular mass of P42 and its cross-reactivity with CM2 led us to hypothesize that P42 may correspond to a 374 amino acid protein that can be encoded by the open reading frame of unspliced mRNA from RNA segment 6, and may be modified post-translationally, e.g. by N-glycosylation, to generate P44.
P44 is an N-glycosylated form of P42
To examine the possibility that P44 may be an Nglycosylated counterpart of P42, HMV-II cells infected with Yamagata\64 were labelled with [$&S]methionine for 15 min at 26 h p.i. in the presence or absence of tunicamycin (5 µg\ml), a specific inhibitor of N-linked glycosylation (Takatsuki et al., 1971) . Cells were then disrupted, immunoprecipitated with GST-CM2 antiserum, and the resulting precipitates analysed by SDS-PAGE (Fig. 3 a) . We should mention here that because of the short labelling period used in this experiment (15 min) CCAJ S. Hongo and others S. Hongo and others Fig. 5 . Comparison of P42 and P44 with known influenza C viral proteins by tryptic peptide mapping. P44, P42, M1, CM2a, HE and NP were each separated by SDS-PAGE from extracts of Yamagata/1/88 virus-infected HMV-II cells labelled with [ 35 S]methionine. Each polypeptide was extensively digested with TPCK-trypsin, and the resulting peptide fragments were analysed by two-dimensional mapping on thin-layer plates of cellulose either separately or by mixing M1 and CM2a (M1jCM2a). Electrophoresis was done in the first dimension (vertically) and chromatography in the second dimension (horizontally). Arrows indicate the peptide fragment detected in the maps of P42 and P44 but not in the map of M1. This peptide fragment corresponds to one of the fragments from CM2a marked by an arrowhead. compared to that used in the experiment shown in Fig. 1 (1 h), CM2b could not be seen even in the cells labelled in the absence of the inhibitor. As described in a previous report , treatment of infected cells with tunicamycin prevented the conversion of CM2 ! into CM2a. Similarly, P42 but not P44 could be detected in tunicamycintreated cells, which supports the notion that at least some of the P42 molecules are modified by N-glycosylation to generate P44.
To further study the nature of oligosaccharide chain associated with P44, HMV-II cells infected with Yamagata\64 and then labelled with [$&S]methionine were subjected to RIP with anti-GST-CM2 serum, and the immunoprecipitates obtained were digested with various endoglycosidases, followed by analysis with SDS-PAGE (Fig. 3 b) . Digestion with endo F or N-glycanase, which are capable of cleaving both high-mannose and complex forms of N-linked oligosaccharide chains (Elder & Alexander, 1982 ; Tarentino et al., 1985) , resulted in the disappearance of CM2a and P44 with a concomitant increase in the amounts of CM2 ! and P42, which confirms that P44, like CM2a, is N-glycosylated. P44 as well as CM2a was also sensitive to endo H, which cleaves highmannose forms of N-linked carbohydrates without affecting the complex form (Tarentino & Maley, 1974) , showing that P44, like CM2a, has a high-mannose carbohydrate chain. The maturation of oligosaccharide chain associated with P44 from high-mannose type to complex form was never seen, even when cells were labelled with [$&S]methionine for 30 min or longer (data not shown), which is presumably due to the marked instability of this glycoprotein (see below).
P42 and P44 contain the amino acid sequence of M1 as well as that of CM2
A 374 amino acid protein that can be encoded by unspliced mRNA from RNA segment 6 is predicted to contain the complete amino acid sequence of M1 as well as that of CM2. If P42 and P44 correspond to this protein and its Nglycosylated form, respectively, it is assumed that both of them possess the antigenic epitopes present on the M1 molecules, in addition to those on the CM2 molecules. To confirm this, Yamagata\64 virus-infected HMV-II cells labelled with [$&S]methionine were immunoprecipitated with MAbs to the HE, NP and M1 proteins and then analysed by SDS-PAGE. As shown in Fig. 4 , anti-HE and anti-NP MAbs immunoprecipitated large amounts of HE and NP, respectively, but did not immunoprecipitate either P42 or P44. Anti-M1 MAb, by contrast, was able to precipitate P42 and P44 in addition to M1.
To obtain more direct evidence that P42 and P44 have the same amino acid sequence as the 374 amino acid protein, we compared, by two-dimensional mapping on cellulose thin layers, the tryptic peptides from P42 and P44 with those from HE, NP, M1 and CM2a. As demonstrated in Fig. 5 , the peptide maps of P42 and P44 were completely identical, which confirms again that these two proteins have a common amino acid sequence. While the maps of P42 and P44 were largely different from those of HE and NP, they were highly similar to the map of M1 with the exception that a peptide fragment detected in the former (marked by an arrow) was missing in the latter. It is likely that the tryptic peptide fragment found in the maps of P42 and P44 but not in that of M1 was coincident with one of the several fragments detected in the map of CM2a (marked by an arrowhead), since the mixture of M1 and CM2a yielded a map indistinguishable from those of P42 and P44.
Expression of P42 and P44 from a cDNA to influenza C virus M gene
To obtain unequivocal evidence that P42 and P44 are the M gene products, COS cells were transfected with the recombinant plasmid pME18S-CM (containing a full-length cDNA copy of RNA segment 6 of the virus), labelled with [$&S]methionine and then analysed by RIP using anti-GST-CM2 serum. Fig. 6 shows that in addition to CM2 ! and CM2a, P42 and P44 were both synthesized in the transfected 
P42 and P44 are unstable in infected cells
The results described above, taken together, suggest strongly that P42 and P44 represent a 374 amino acid protein encoded by the M gene-derived unspliced mRNA and its Nglycosylated form, respectively. The fact that the 374 amino acid protein contains the entire sequence of CM2 raises the possibility that the former might be the precursor of the latter. To examine this, a pulse-chase experiment was done with Yamagata\1\88 virus-infected HMV-II cells. Cells were pulselabelled with [$&S]methionine for 10 min at 26 h p.i. and then chased for 15 to 120 min in RPMI 1640 medium containing 1 mM cold methionine. Immediately after a pulse or after subsequent chases, cells were disrupted and subjected to RIP with anti-GST-CM2 serum. As shown in Fig. 7 , a large amount of CM2a (in addition to small amounts of P42 and P44) was already detectable immediately after a 10 min pulse. The amount of CM2a was gradually reduced during the subsequent chase with a concomitant increase in the amount of CM2b. P42 and P44 declined quickly and became undetectable after chase periods of 60 min and 30 min, respectively. It is unlikely that the observed decrease in the amounts of P42 and P44 is a result of their conversion into CM2 since the proportion of the amounts of P42 and P44 to those of CM2 ! and CM2a was very low even when cells were labelled with [$&S]methionine for as little as 1 min (data not shown), as was observed with cells labelled for 10 min (lane 1 of Fig. 7) . Rather, we favour the possibility that the P42 and P44 molecules detected in this study are unstable in infected cells and are degraded rapidly into undetectably small fragments. If this is the case, the results in Fig. 7 suggest that glycosylated P44 is less stable than unglycosylated P42.
Discussion
In the present study, we identified two previously unrecognized proteins (P42 and P44) in influenza C virus-infected cells, and provided several lines of evidence which suggest that P42 corresponds to a 374 amino acid protein that can be produced from unspliced RNA segment 6 mRNA and that P44 is an N-glycosylated form of P42. The finding that P42 can be modified by N-glycosylation to generate P44 suggests that the P42 molecules, if not all of the molecules, are integrated into the endoplasmic reticulum membrane. This notion is supported by the observation that significant amounts of P42 and P44 were recovered in the microsomal pellet after high speed centrifugation of the cytoplasmic extracts prepared from C\Yamagata\1\88 virus-infected HMV-II cells (unpublished results). The possible orientation of P44 in membranes, which must be substantiated in future studies, is illustrated in Fig. 1 (b) . This model is based on the following available information. (i) The putative 374 amino acid protein contains two regions (residues 241 to 252 and residues 287 to 318) that are sufficiently hydrophobic to interact with membranes (Yamashita et al., 1988 ; Hongo et al., 1994 Hongo et al., , 1997 Pekosz & Lamb, 1997) . (ii) In the CM2 glycoprotein, the regions composed of residues 253 to 286 and residues 319 to 374 are located on the luminal and cytoplasmic sides of intracellular membranes, respectively Pekosz & Lamb, 1997) . (iii) The N-terminal 240 amino acid section of the 374 amino acid protein contains no hydrophobic domain capable of interacting with membranes (Yamashita et al., 1988 ; Hongo et al., 1994) . If this model is correct, the addition of an N-linked carbohydrate chain to P42 should occur at amino acid position 270 since Asn residue 270 is the only potential N-glycosylation site found within the region (residues 253 to 286) residing on the luminal side of the endoplasmic reticulum membrane (Hongo et al., 1994 Tada et al., 1997 ; Pekosz & Lamb, 1997) .
The role of the 374 amino acid protein in influenza C virus replication remains to be understood. Pulse-chase experiments performed here (Fig. 7) failed to detect the precursor-product relationship between P42\P44 and CM2. However, this observation does not necessarily exclude the possibility that P42 and\or P44 might be cleaved by cellular protease(s) (e.g. signal peptidase) either cotranslationally or immediately after the completion of translation, producing CM2. From this viewpoint, it is worthwhile to note that the first hydrophobic domain spanning residues 241 to 252 has the potential to act as a cleavable signal sequence for facilitating the insertion of the nascent polypeptide chain across the endoplasmic reticulum membrane, since this domain is followed by Ser residue 254 and Ala residue 259, both of which are in the amino acid context considered favourable for cleavage by signal peptidase (von Heijne, 1986) . In fact, Pekosz & Lamb (1997) demonstrated recently that the electrophoretic mobility of CM2 synthesized in an in vitro translation system was slightly slower than that of CM2 expressed in eukaryotic cells, and suggested that CM2 may possess a cleavable signal sequence at its N terminus. The putative signal sequence proposed by these authors corresponds to the region consisting of residues 241 to 252 in the 374 amino acid protein. The possibility that the 374 amino acid protein may be the primary product of unspliced mRNA from RNA segment 6 and may be cleaved by signal peptidase to yield CM2 is now being investigated in our laboratory. If this is the case, the P42 and P44 proteins detected in this study may mostly represent the 374 amino acid protein molecules that failed to be cleaved by signal peptidase. The 374 amino acid protein which remains uncleaved may be rapidly degraded in infected cells, as suggested by the data shown in Fig. 7 .
